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Introduction: The Lunar Mapping and Modeling
Program (LMMP) [1] is a NASA-funded effort initiat-
ed in 2007 to create useful cartographic products from
past and current lunar datasets. The primary initial ob-
jective was to support exploration missions by making
Lunar Reconnaissance Orbiter (LRO)-derived products
useful and accessible to the Constellation Program
(CxP) [2]. LRO Principal Investigators and relevant
activities were funded at NASA Ames Research Cen-
ter, Army Cold Regions Research & Engineering La-
boratory, NASA Goddard Space Flight Center (GSFC),
NASA Jet Propulsion Laboratory and the United States
Geological Survey (USGS). These groups have made a
wide range of products including digital terrain models
(DTMs), orthomosaics, hazard/lighting maps, and data
access/visualization tools [3]. Here we describe the
USGS LMMP products, including extensive carto-
graphic products and the web portal service.

Sites: USGS made 1.5 or 3.0 m gridded DTMs and
0.5 m orthomosaics for 20 of the 50 CxP regions of
interest using LRO Narrow Angle Camera (NAC) im-
ages (~0.5 m/pixel resolution). Additionally, 3 or 5 m
DTMs and 1 or 1.5 m image orthomosaics for 3 sites
were produced from digitized Apollo Panoramic imag-
es. The requirement was to produce DTMs covering at
least a 10 by 10 km region (100 sg. km) with a goal of
covering 20 by 20 km (400 sg. km), and an orthomosa-
ic for a 40 by 40 km region (1,600 sq. km). The DTMs
and othomosaics were geodetically controlled using
Lunar Orbiter Laser Altimeter (LOLA) spot elevation
measurements (based on LRO Planetary Data System
(PDS) release 5 March 2011). The Apollo Panoramic
DTMs are lower resolution, but cover a larger area at
each site (3,276 + 718 sg. km) than the DTMs pro-
duced using the LRO NAC images (558 + 175 sq km).
The Apollo Panoramic orthomosaics cover the same
area as the Apollo Panoramic DTMs and the LRO
NAC orthomosaics cover a larger area (1,433 + 123 sq
km) than the LRO NAC DTMs.

Source material: LROC NAC images were pro-
vided by the LROC Science Operations Center [4].
Apollo Panoramic images were obtained from the Ari-
zona State University [5]. LRO LOLA Reduced Data
Records were available through the web [6]. The Apol-
lo Panoramic DTMs were initially controlled to the
Unified Lunar Control Network 2005 (ULCN 2005)
[7] and later readjusted to the LOLA track data. NAC
smithed SPK SPICE kernels from the LOLA team
cross over analysis were used where available. Other-

wise GSFC reconstructed SPICE data (CKs and SPKSs)
were used. At the time the Apollo Panoramic images
were processed there were no SPICE data available so
the image support data were obtained from National
Space Science Data Center. These data consisted of
microfilm recordings of the computer printouts that
recorded the Apollo mission.

Coordinate system and precision: All products
are in the lunar mean Earth/polar axis coordinate sys-
tem [8] and the preliminary global reference frame of
the LOLA track data and DTMs (release date specified
above). The absolute accuracy of these products is lim-
ited by the accuracy of the LOLA data used for control
and orthorectification. The expected vertical precision
of a DTM derived from LROC NAC stereo images
varies from ~40 to 100 cm and Apollo Panoramic ste-
reo images varies from ~50 to 120 cm.

Software and algorithms: ISIS 3.2.1: The Inte-
grated System for Imagers and Spectrometers (ISIS)
USGS [9] is used for image ingestion, radiometric cal-
ibration, tie pointing, photogrammetric control, ortho-
projection, and creation of mosaics, all using geometric
camera models.

SOCET SET ®BAE: SOCET SET is a commercial
software package with photogrammetry capabilities
[10]. For DTM production, ISIS was used to radiomet-
rically calibrate the LROC NAC images and compute
SOCET SET keyword values for the line scanner sen-
sor model. Raw image files and keywords were then
imported into SOCET SET where images were tied to
each other and controlled to LOLA track data. Auto-
matic DTM extraction was done using stereo matching.
DTM quality control and editing were done manually.
Completed DTMs were transferred from SOCET SET
back into ISIS. This DTM was combined with LOLA-
derived DTMs to allow for the creation of orthomosa-
ics.

Products: In addition to the above described
DTMs and orthomosaics, four other DTM-derived
products are provided: slope maps, hill shade maps,
shaded relief maps, and confidence maps (based on
SOCET SET *“figure of merit” information). All four of
these products cover the same area as the DTM. The
orthomosaic covers a larger area than the DTM (40 x
40 km, source images allowing), hence the need for the
combined LRO NAC-LOLA DTM described above.
The primary released file format is GeoTIFF.

Validation process: The main validation step is the
comparison between LOLA track elevation values and
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the DTM elevation values. Validation begins during
the triangulation process. As LOLA track points are
selected and aligned to geomorphic features in the im-
ages, the triangulation results report the root mean
square error (RMSE) for the horizontal and vertical
agreement between the latitude, longitude, and eleva-
tion values. The alignment between the images and
LOLA tracks can be evaluated visually. Horizontal
alignments of the mosaics were validated by visually
comparing the mosaics to hillshaded images of the
DTMs for the same areas. This process results in a
horizontal alignment between the DTM and the LOLA
data at about the 20 — 30 m level. The reported hori-
zontal error of the LOLA data is 20 m [11]. The
SOCET SET control net was exported to ISIS so the
orthomosaics would align with the DEM. This network
was augmented with auto measured points for images
used to fill the 40 by 40 km area needed for the ortho-
mosaic.

After the DTM was edited and visually inspected, it
was exported from SOCET SET, converted into an
ISIS cube file, and then converted to final product for-
mats with GDAL. Then the final DTM product was
displayed in ArcMap along with the LOLA track data
that cover the DTM. Each LOLA track point was inter-
sected with the DTM and the elevation value of the
DTM was recorded. The difference between the DTM
elevation value and the LOLA track point was calculat-
ed. The vertical agreement between the 20 LROC NAC
DTMs and the LOLA track data is within -8.2 £ 3.4
and 8.5 £ 3.8 m at the 95% confidence level. For the
three Apollo Panoramic DTMs, the vertical agreement
is within -71.3 £ 9.5 and 77.1 + 25.9 m at the 95% con-
fidence level. The higher error for the Apollo Panoram-
ic DTMs was caused by controlling first to the ULCN
2005 control net and then aligning to the LOLA data.
At the time the Apollo Panoramic DTMs were created,
LOLA data were not available.

Summary: LMMP products will soon be available
at the LMMP Portal [12]. These include very large
high resolution DTMs and orthomosaics of close to 50
key sites on the lunar surface, and high resolution con-
trolled polar mosaics. These products constitute an
important initial step in processing LRO datasets and
should greatly facilitate the exploration and study of
these significant lunar sites.
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Figure 1 — The top image (A) shows the color-
hillshaded DTM for the Apollo 15 site. The yellow
boxes show the 10, 20 and 40 km bounding areas. The
bottom image (B) shows the orthomosaic for the same
site. Both images are in equirectangular projection.
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